Experimental results of an adiabatic mode multiplexer (AMM) based novel 2 Â 2 optical switch/variable optical attenuator that consists of a symmetric Y-branch interferometer (mode converter) and adiabatic mode multiplexer/demultiplexer pair are presented. It is shown that both normally cross and bar designs have identical optical performance. Extinction ratio without thermal activation is wavelength independent. Over C-band the attenuation at À20 dB varies by less than 0.3 dB and polarisation dependent loss is less than 1 dB. It is proved that the mode converter plays a dominant role in polarisation state sensitivity at high attenuation values and can be optimised by varying interferometer arm length. Since an AMM-based switch does not require process optimisation steps it can be fabricated within a process optimised for other optical devices.
Introduction: Most planar optical switching devices are built using a Mach-Zehnder interferometer (MZI) configuration. It consists of two 3 dB couplers connected by two waveguides. Clearly, MZI-based optical switch performance is limited by the performance of the 3 dB couplers. The most compact and frequently used 3 dB coupler is the directional coupler (DC). DC operation relies on phase-matched evanescent coupling to transfer the energy between different waveguides. However directional couplers suffer from high sensitivity of splitting ratio to wavelength, polarisation state and fabrication changes [1] . There were several attempts to reduce the coupling ratio sensitivity of 3 dB couplers. Doerr et al. [1] suggested bending the entire DC with a constant bending radius. Jinguji et al. [2] proposed a wavelength insensitive coupler made of two DC couplers connected by a small optical path difference. Mizuno et al. [3] constructed an optical switch using this type of coupler. Shani et al. [4] have shown an adiabatic 3 dB coupler. The main disadvantage of these desensitisation techniques is that reduced sensitivity in splitting ratio comes at the expense of increased sensitivity of phase between the signals at the output of the coupler. In applications such as a waveguide tap the relative phase is not important, however, in MZIbased optical switches it is essential to have both low relative phase error and robust splitting ratio. Relative phase error induces unpredictable phase shift dependent on polarisation state. It is well known that a 3 dB Y-branch splitter has low error in both relative phase and splitting ratio [5] . However, it has only one input port and cannot be used to construct a 2 Â 2 optical switch. It is possible to get around this problem by splitting a double-instead of a singlemode waveguide. Both the fundamental and first-order modes of a double-mode waveguide split on a Y-branch with a robust splitting ratio and well defined relative phase. To populate selectively fundamental and the high-order modes of the double-mode waveguide we need a mode multiplexer device. An asymmetric Y-splitter can serve as a mode multiplexer over a large wavelength range. However, a finite dimension of the Y-splitter tip (owing to fabrication resolution limits) mixes different order modes and introduces modal crosstalk that limits switch extinction ratio to À20 dB [6] . We propose to use a novel adiabatic mode multiplexer (AMM) [7] that has negligible insertion loss over C þ L bands and modal crosstalk better than À40 dB [8] for optical switching. Mode multiplexing is achieved by adiabatic transition from the fundamental mode of the singlemode waveguide to the higher mode of the multimode waveguide. The advantage of an adiabatic multiplexer is its tolerance to design and fabrication parameters. AMM followed by a symmetric Y-branch splitter forms a four-port 3 dB coupler. The Y-branch splitter ensures robust splitting ratio and low phase error, whereas the AMM provides two input ports, one for fundamental and other for the first-order mode. Since optical performance of the novel switch does not depend on the design details of the AMM, it is more natural to represent our optical switch as a mode converter inserted into an adiabatic mode multiplexer/demultiplexer pair.
Here for the first time we introduce a novel optical switch based on an AMM. Because the AMM has a low polarisation and wavelength dependence, the extinction ratio of our switch is better than 30 dB over a large wavelength span. The switch can be designed to be normally cross or bar without any detrimental effect on its optical performance. The optimisation of the symmetric Y-branch interferometer (mode converter) is not difficult and is relatively insensitive to the process details. Therefore the AMM-based switch can operate as a broadband normally dark variable optical attenuator (VOA) with a very low polarisation dependent loss (PDL) and good process tolerance. We will provide experimental evidence showing that the PDL of the VOA does not depend on AMM design details.
Experimental results: We present a schematic layout of the AMMbased switch in Fig. 1 with the optical power evolution along the propagation direction in the thermally activated ON state. Light injected into the F port of the AMM splits at the first Y-junction, resulting in two waves with equal amplitude and phase. Local heat changes the phase of the wave travelling in the waveguide under the active heater by p/2. After the second Y-junction recombines the two waves we have an antisymmetric first-order mode that goes into an adiabatic mode demultiplexer (AMDM) and emerges from it in port H 0 as a symmetric mode. In the case where no power is applied to the heater, mode conversion does not occur and light injected into the F port exits the F 0 port of the AMDM. Since F and F 0 ports of the switch in Fig. 1a are on opposite sides, this configuration is normally cross. In Fig. 1b, F and F 0 ports are on the same side, hence this configuration is normally bar. As we shall show below both configurations have the same optical performance. The possibility of having either normally bar or cross configurations can save crossing stages in some large count switching matrix architectures. AMM is a robust device with excellent optical performance that does not depend on polarisation state, wavelength and fabrication changes. Optical switch polarisation and wavelength sensitivity comes predominantly from the mode converter, i.e. a symmetric Y-branch Mach-Zehnder interferometer (YMZI). Heise and Narevich [9] have shown that the polarisation dependence of a YMZI can be described by two parameters, state of polarisation (SOP) rotation at the Y-branch and waveguide birefringence at the YMZI arms. Moreover, the authors illustrated that YMZI performance can be always optimised by varying the YMZI arm length. The optimisation procedure was shown to be robust over different wafers. Having optimised the YMZI we can use it in conjunction with the adiabatic mode multiplexer to construct a low PDL VOA. This result is important since it implies that no process optimisation steps are used to obtain low PDL in a VOA. Consequently, AMM-based switch/VOAs can be fabricated within the same process optimised for other optical devices, such as arrayed waveguide gratings (AWGs). We show measurement results for a typical VOA with optimised PDL in Figs. 1 and 2 . Over C-band the attenuation at À20 dB varies by less than 0.3 dB (Fig. 2a) and PDL at that attenuation by less than 0.25 dB (Fig. 2b) . PDL is below 1 dB for attenuation values up to 20 dB for both normally bar and cross switches (see Fig 1c) . Our AMM-based switches were fabricated in silica PLC on silicon wafer using plasma enhanced chemical vapour deposition (PECVD). The refractive index contrast in the germanium-doped core is approximately 0.75%. Interferometer arms are 6 Â 6 mm waveguides. Directly above the waveguide there are 180 nm-thick TiW heaters. Heat-insulating trenches reduce the power needed to operate the VOA. We illustrate that the optical performance of the switch/VOA does not depend on the AMM design details in Fig. 2c . We measured PDL values against attenuation for non-optimised (YMZI arm length of 2 mm instead of 3 mm) switches with different AMM length. As one can see the attenuation curves are virtually independent of this parameter. It shows again that AMM operation does not depend on accumulated phase owing to evanescent coupling between waveguides and AMM does not contribute to the PDL sensitivity of the AMM-based switch/VOA. 
Conclusion:
We have presented a novel AMM-based switching unit/ VOA. It consists of a mode converter and adiabatic mode multiplexer/ demultiplexer pair. We show that the mode converter alone is responsible for the polarisation state sensitivity at high attenuation values. The mode converter can be easily optimised by varying the Y-branch interferometer arm length. We provide experimental evidence that the AMM design details do not affect PDL behaviour. The AMM-based switch/VOA does not require process optimisation and can be fabricated within the same process parameters optimised to produce other optical devices such as AWGs. 
